An overview on most recent activities of the COST Action CA15119 NANOUPTAKEOvercoming Barriers to Nanofluids Market Uptake -is given. Examples of European collaboration in the field of fluid flow and heat transfer employing nanofluids are presented.
Introduction
Nanofluids are defined as fluids that contain nanometre-sized particles with enhanced heat transfer properties. Since 1995, active research on this topic has been conducted (more than 1,700 papers in the last 3 years). Nanofluids improve the efficiency of heat exchange and thermal energy storage systems and they are specifically mentioned in the Strategic Energy Technology Plan and the Materials Roadmap to enable Low-Carbon Technologies as potential elements to improve the efficiency of heat exchange and thermal energy storage systems. Because nanofluid flow is an ongoing and most recent research field many issues are still under investigation. However, here are some improvements compiled which nanofluids offer compared to conventional single-phase liquids.
• By adding nanoparticles with high thermal conductivity (e.g. metals like Au, Ag or Cu) to a classical base fluid like water the effective thermal conductivity of the suspension is increased which at least for laminar flow should lead to an accordingly enhanced heat transfer.
• Plasmon-based optical nanofluids -so-called solar nanofluids -join absorber qualities and characteristics of thermal fluids into one suspension. Employed in volumetric solar absorbers such suspensions eliminate temperature gradients, minimize radiative heat losses and increase therewith the efficiency of solar collectors (Hjerrild & Taylor, 2017 ).
• Nanoparticles may have amongst other geometries either fibre or sheet like structures (e.g. carbon nano tubes, graphene) or core-shell structures consisting of a solid shell and a meltable core. Even if nanoparticle concentration is the same thermophysical properties will be different in dependency on particle structure and material. In the first case networks of fibres may develop with extraordinary high thermal conductivity. Core-shell nanoparticles can be designed such that the effective specific heat of the suspension is due to the latent heat of the core material significantly increased. • WG#1 Heating systems operated with nanofluids • WG#2 Cooling (including refrigeration) systems operated with nanofluids • WG#3 Storage of thermal energy employing nanoparticle enhanced systems • WG#4 Phase change of two-phase systems (solid/liquid) and solar application • WG#5 Dissemination, publications and press work Work and collaboration within the NANOUPTAKE-network is mainly organized via work group meetings. The first conference -1 st European Symposium on Nanofluids (ESNf) -was held in October 2017 in Lisbon (Portugal) with 66 contributions. Major subjects of the conference were:
• Nanofluids -heating and cooling, -thermal storage • Nanofluids -boiling and solar energy • Preparation and Properties of nanofluids • Technical applications of nanofluids • Molten salts based nano systems
Another form of cooperation are round robin tests and joined efforts to settle different issues with respect to nanofluid flow and heat transfer. Examples presented here are the most recently started round robin test on the measurement of surface tension and contact angles of nanofluids NANOTENSION and NANROUND a network of research groups working on the numerical simulation of nanofluid flow. NANOTENSION is basically a network of groups analysing thermophysical properties of different types of liquids. The network unites ten teams from six European countries. The aim of the project is to validate several measurement techniques with respect to their viability for two-phase liquids with nanometer sized particles. Members of the NANOROUND project work on the numerical simulation of nanofluid pipe flow with mixed convection. Goal is the validation of different numerical codes (single-phase / two-phase approaches, RANS, LES etc.) against a highly sophisticated experiment [2] .
Examples of most recent scientific results
In this section give two most recent examples following from direct scientific cooperation of members of the NANOUPTAKE network are given.
Correct interpretation of nanofluid flow and heat transfer results
Current literature on nanofluid flow indicates a vast number of experimental studies carried out in pipe flow and heat exchangers (Buschmann et al., 2017) . Mostly it is difficult to validate how the data are processed. Moreover, several mistakes are quite commonly made when it comes to the interpretation of the experimental results (Buschmann & Feja, 2012) . One of these errors is that experimentally obtained Nusselt numbers are plotted versus Reynolds number alone. However, already from the analysis of textbooks it should be clear that nearly any practical relevant Nusselt number correlation indicates a dependence on both the Reynolds and the Prandtl number. Accepting this fact is for the interpretation of nanofluid flows most important because adding nanoparticles to a base fluid changes all of its thermophysical properties. The Prandtl number of a nanofluid is therewith -except for extraordinary low concentrations of nanoparticles -always different than the one of its base fluid. In a joined effort, experimental data of five different experiments from independent research teams [5] [6] [7] [8] [9] [10] are compiled. These experiments are:
• laminar and turbulent flow in a straight pipe with circular cross section (MIT, USA; UJI, Spain), • laminar flow in straight pipe with circular cross section and inserted twisted tape (ILK Dresden, Germany), • flow in a coil heat exchanger (University of Lund, Sweden)
• annular counter flow heat exchanger (Aalto University, Finland) and • brazed heat exchanger (University of Lund, Sweden).
All of these experiments have two results in common:
1. Nanofluid flows -at least the cases investigated here -are properly described as single-phase flow. Classical Nusselt number correlations obtained for conventional fluids such as pure water can be applied without restrictions. Figure 2 gives an overview with respect to the Nusselt number correlations in dependency on Reynolds and Prandtl number for all experiments.
2. If for a given combination of Reynolds and Prandtl numbers the same Nusselt number is found for base fluid and nanofluid flow, it is solely due to the enhancement in the heat transfer coefficient due to increase in thermal conductivity (when the device is unchanged) .
These are of course very seminal answers to the questions if and how nanofluids should be employed in practical thermal apparatus. In general one may state, that Newtonian nanofluid flow is described sufficiently employing Nusselt number correlations obtained for single-phase heat transfer liquids such as water when thermophysical properties of nanofluid are utilized. No anomalous phenomena are involved in thermal conduction based and forced convection heat transfer of nanofluids. Heat transfer enhancement provided by nanofluids equals the increase in thermal conductivity of nanofluids compared to the base fluid, if similar thermodynamical and fluid mechanical flows (i.e., same Re and Pr numbers) are compared. This observation is independent of nanoparticle concentration, size or material. Within the framework of the conclusions formulated, nanofluids may provide significant enhancement in heat transfer. In order to derive the maximum benefit from these special fluids, they should have high thermal conductivity and the lowest possible viscosity. [5] . Blue curves give theoretical approach (Shah-curve) and grey symbols experimental results. Uppermost right plot shows turbulent pipe flow [6] . Red symbols indicate silica nanofluid, green symbols stand for alumina nanofluid. Additionally shown are results for a CNT NF (blue stars). Middle left diagram shows data for laminar pipe flow with inserted twisted tape [7] . Blue symbols stand for water, orange and green symbols for 5.00 vol. % and red for 10.00 vol. % titania NF. Middle right plot shows data for annular counter flow heat exchanger [8] . Blue symbols stand for water, purple rhombi for SiO 2 nanofluid with 0.09 vol. %, orange squares for SiO 2 nanofluid with 0.45 vol. % and red dots for SiO 2 nanofluid with 1.81 vol. %. Dark yellow downward symbols indicate Al 2 O 3 nanofluid with 1.00 vol. %. Lower plots show coil heat exchanger results (left) [9] and brazed plate heat exchanger [10] .
The situation is different for nanofluid flows with natural convection. Several experimental investigations [11] [12] [13] [14] indicate that natural convection is suppressed by adding nanoparticles to the fluid. Even in laminar pipe flow a suppression of the onset of the secondary motion in form of a pair of counter-rotating vortices is delayed (Colla et al., 2015) . The reason for this behaviour is still not completely understood especially because it is different to the characteristics known from common slurries. Already Putra et al. (2003) pointed out that the heat transfer deterioration they found in a cavity flow depends on the density of the nanoparticles, their concentration as well as the aspect ratio of the cavity employed. An analytical study with respect to the onset of instabilities in a nanofluid layer by Nield & Kuznetsov (2010) shows, that for a typical nanofluid the primary contribution of the nanoparticles is via a buoyancy effect coupled with the conservation of nanoparticles. This finding together with other theoretical arguments (Colla et al., 2015) indicate that in nanofluid flows with free or mixed convection nanoparticles may play a role which cannot be covered by employing effective medium theory. More and detailed experimental and especially numerical work is needed to resolve these issues. 
Application of nanofluids in thermosyphons
Within a so-called Short Term Scientific Mission (STSM) supported by NANOUPTAKE the use of different water based nanofluids as working fluids have been investigated (Wlaźlak, 2017 (Wlaźlak, , 2018 . Nanoparticles ranged from pure gold spheres (60 nm) to silica nanoparticles, graphene oxide sheets and so-called carbon nano horn structures. The fundamental mechanisms of heat transfer improvement were found to be different for various types of nanoparticles. Mostly the increase is due to the formation of nanoporous layers on the inner surface of the evaporator. Other mechanisms follow from a lowering of the surface tension by nanoparticles and / or chemical additives like surfactants. Figure 3 shows the employed thermosyphon with an overall length of 1,800 mm and an inner diameter of 20 mm. The amount of working fluid (either deionized water as reference fluid or nanofluids) is 85 ml. The length of evaporator and of condenser section are each 400 mm. The general finding is that the added nanoparticles improve thermal performance of the thermosyphon only if q e -the amount of heat provided at the evaporator -is low. The reason is simply that at these low heat rates boiling regimes -single bubbles, bubble columns -are relevant which can be affected by nanofluids or the surface coating following from applying these suspensions as working fluids. Moreover, some of the investigated nanofluids completely suppress thermal instabilities like geysiring without lowering the transferred amount of heat.
Summary
With NANOUPTAKE a new European network has been established which is seeking for practical applications of nanofluids. The general idea is to bring people from different European and non-European countries together to promote the substitution of classical single-phase working fluids by two-phase suspensions consisting of a base fluid and nanometre sized particles. First positive results to implement this approach into practical applications like standard heat exchangers (coil, plate and counterflow), laminar and turbulent pipe flow and pipe flow with inserted twisted tape are found. Moreover, first experimental outcomes indicate possible applications as working fluids in thermosyphons and as volumetric solar absorbers. Further work will contain the development of new types of nanofluids like molten salts doped with nanoparticles, the coating of surfaces with nanoparticle based structures etc.
